Study Design: Retrospective clinical study.
T he loss of lumbar lordosis (LL) after the surgical treatment of spinal deformities is commonly reported. 1 A sagittal plane imbalance can occur if the LL is reduced significantly, and flat back syndrome can develop, which is characterized by back pain, a stooped posture, and an impaired gait. [2] [3] [4] [5] Treatment of low-grade lumbar spondylolisthesis using spinal fusion and fixation is common among spine surgeons. Unlike scoliosis surgery, which mostly involves long spinal fusion and is associated with a high rate of flat back syndrome, 6 low-grade lumbar spondylolisthesis is frequently treated with short spinal fusion. As described by Cho et al, 7 short fusion is limited to the vertebrae contained within the spinal deformity. Lee et al 8 stressed on the importance of improving the sagittal spinal alignment through the restoration of LL in the treatment of grade 1 spondylolisthesis. Postoperatively, the loss of LL is related to an increased incidence of low back pain and a higher rate of degenerative changes at the adjacent levels.
Degenerative changes at the levels adjacent to a lumbar spinal fusion have been reported. [9] [10] [11] [12] [13] However, the correlation between low back pain and the loss of LL after spinal fusion for low-grade spondylolisthesis has seldom been reported. Therefore, we retrospectively reviewed the outcome of patients undergoing spinal fusion for low-grade lumbar degenerative spondylolisthesis, and analyzed the restoration ratio (RR) of the LL to determine the correlation between outcomes and the RR.
METHODS
Between May 2005 and July 2011, 59 patients suffering from low back pain and neurogenic claudication due to low-grade lumbar degenerative spondylolisthesis underwent spinal decompression by a senior surgeon. All but 1 patient underwent posterior lumbar interbody fusion (PLIF) with fixation; 1 patient was treated by simple instrumented posterior intertransverse fusion (L1-L3). Ten patients were lost to follow-up. The mean age of the remaining 49 patients (10 men and 39 women) was 64.0 years (range, 47-88 y).
Thirty-four patients suffered from a 2-level listhesis (L3-L4: 3, L4-L5: 25, L5-S1: 6), and 15 patients sustained a 3-level listhesis (L1-L3: 1, L3-L5: 12, L4-S1: 2). Grade 1 listhesis was present in 46 patients, and 3 patients had grade 2 listhesis. According to the criteria for spinopelvic posture described by Labelle et al, 14 our patients were categorized on the basis of pelvic incidence (PI): 12 patients were type 1 (PI < 45 degrees); 24 were type 2 (45 degreesrPIr60 degrees); and 13 were type 3 (PI > 60 degrees).
On the basis of the relationship between LL and PI described by Schwab et al 15 and the research of Gelb et al 16 on segmental LL in elderly patients, the equation LL = PI+9 degrees was used to predict an adequate segmental LL in the treatment of low-grade spondylolisthesis. According to Gelb and colleagues, the contributions to lumbar curvature are 5% for L1-L2, 13% for L2-L3, 18% for L3-L4, 32% for L4-L5, and 32% for L5-S1. Thus, the predicted segmental LL was obtained by the degree (PI+9 degrees) times the percentage of participation in lumbar curvature at the treated levels.
Using the Cobb angle method, the actual segmental LL was defined as the angle between the superior endplate line of the upper vertebrae and the inferior endplate line of the lower vertebrae. The RR of the LL was equal to the actual segmental LL divided by the predicted segmental LL. An RR > 1.0 was defined as higher restoration, and an RR < 1.0 was classified as lower restoration. Figure 1 shows the method of calculating the RR of an L4-L5 postoperatively.
The functional outcome was assessed preoperatively and postoperatively using a visual analogue scale (VAS) and the Oswestry Disability Index (ODI). Follow-up examinations were performed in the outpatient clinic by the same surgeon 1 week after surgery. A trained nurse performed the follow-up examinations at 3 months, 6 months, and yearly, thereafter, under the supervision of the same surgeon.
During the time period from March through April of 2013, all 49 patients were recalled back to the authors' hospital for postoperative x-ray examinations using 36inch spinal films, which included anteroposterior and lateral views. Patient positioning involved the patients' upper arms close to their anterior chests, hands on the ipsilateral clavicles (ie, right hand on right clavicle), and legs straight in a standing position in order to evaluate the spinal sagittal balance. Normal sagittal balance is defined as the C7 plumb line within 6 cm from the posterior-superior corner of the S1 vertebrae, and positive sagittal balance is described as the horizontal distance between the C7 plumb line and the posterior-superior corner of the S1 vertebrae >6 cm. 17, 18 Statistical significance was set at P < 0.01. All statistical analyses were performed using SAS, version 15.0, computer software (SAS, Cary, NC).
RESULTS
The mean follow-up period was 43.2 months (range, 28-62 mo). Postoperative 36-inch spinal films showed the C7 plumb line within an average of 4.4 cm (range, 0.6-5.6 cm) from the posterior-superior corner of the S1 vertebrae.
The last follow-up VAS and ODI scores of type 1 patients significantly decreased from 7.8 ± 1.6 and 33.0 ± 7.7, respectively, before surgery to 1.2 ± 1.4 and 5.3 ± 5.3, respectively, after surgery (Tables 1 and 2 ). The last follow-up VAS and ODI scores of type 2 patients significantly decreased from 7.5 ± 1.6 and 30.0 ± 5.8, respectively, before surgery to 1.2 ± 1.4 and 6.0 ± 6.4, FIGURE 1. The blue lines indicate the superior endplate of L4 and the inferior endplate of L5. The yellow line denotes the cephalic endplate of S1. The black round dot is the midpoint of an imaginary line connecting the centers of the 2 femoral heads. The pelvic incidence (PI) shown by a curved arrow between 2 red lines is 57 degrees. Therefore, the predicted L4-L5 segmental lumbar lordosis (LL) is 21 degrees calculated from the equation (PI+9)Â 32%. The actual L4-L5 segmental LL between the 2 blue lines measured with the Cobb angle method is 16 degrees. Hence, the restoration ratio (RR) of the L4-L5 is 0.76 (16 divided by 21).
respectively, after surgery. The last follow-up VAS and ODI scores of type 3 patients significantly decreased from 7.6 ± 1.4 and 28.0 ± 6.8, respectively, before surgery to 2.1 ± 1.1 and 6.9 ± 3.9, respectively, after surgery.
Among the patients for whom LL was restored higher postoperatively (Table 3) , 5 patients were type 1 (RR range, 1.1-1.4), 7 patients were type 2 (RR range, 1.01-1.8), and 1 patient was type 3 (RR, 1.1). Among the patients for whom LL was restored lower (Table 3) , 7 patients were type 1 (RR range, 0.3-0.96), 17 patients were type 2 (RR range, 0.12-0.99), and 12 patients were type 3 (RR range, 0.37-0.9).
For patients with types 1, 2, or 3 with higher restoration of the LL, the last follow-up VAS significantly decreased from 7.2 ± 1.7, 8.0 ± 1.4, and 5, respectively, before surgery to 1.2 ± 1.2, 3.0 ± 2.5, and 0, respectively, after surgery; the last follow-up ODI significantly declined from 30.8 ± 7.5, 33.6 ± 5.3, and 20, respectively, before surgery to 4.4 ± 3.6, 9.7 ± 7.2, and 10, respectively, after surgery. The mean higher RRs for type 1, 2, and 3 patients were 1.3, 1.4, and 1.1, respectively (Table 4 ).
For patients with types 1, 2, or 3 lower restoration of the LL, the last follow-up VAS scores significantly decreased from 8.1 ± 1.5, 6.9 ± 1.7, and 7.8 ± 1.3, respectively, before surgery to 1.1 ± 1.5, 1.4 ± 1.5, and 2.3 ± 0.9, respectively, after surgery; the last follow-up ODI scores significantly declined from 34.0 ± 7.0, 28.8 ± 5.2, and 28.3 ± 6.4, respectively, before surgery to 6.0 ± 5.9, 4.5 ± 5.0, and 6.7 ± 3.7, respectively, after surgery. The mean lower RR was 0.6 for type 1, 2, and 3 patients (Table 5 ), respectively.
The VAS and ODI scores of 1 type 2 higher restoration patient did not immediately improve postoperatively because of leg pain and weakness from nerve impingement from the medial placement of a screw. After repositioning the screw without altering the RR, the leg pain and weakness disappeared within 2 months.
DISCUSSION
Our results showed that 48 patients (98%) significantly improved postoperatively with regard to VAS and ODI, regardless of whether the LL was higher restored or lower restored. Patients with smaller PI tended to be higher restored, and those patients with larger PI were more likely to be lower restored. The lack of postoperative improvement in 1 patient resulted from the medial positioning of a screw, and was not related to the higher or lower restoration of the LL. This patient fully recovered after the repositioning of the screw.
Previous studies have described adjacent disk degeneration after spinal fusion for spondylolisthesis, and some studies investigated whether there was a correlation between the clinical outcome and adjacent disk degeneration. 9, 13 Miyakoshi et al 9 retrospectively studied patients who underwent 1-level PLIF at the L4-L5 level and concluded that there was no evidence of a correlation between postoperative narrowing of the adjacent disk and the clinical outcome of the L4-L5 PLIF. Chen et al 13 also investigated the relationship between adjacent segment degeneration after single-segment PLIF and clinical outcome. Radiological data showed that degeneration of the cranial adjacent segment after single-segment PLIF did not significantly correlate with the clinical outcome. However, the relationship between the surgical outcome and restoration of the LL after spinal fusion for lowgrade spondylolisthesis has remained largely unclear. Our study is the first investigation of the relationship between the surgical outcome and the restoration of the LL in the treatment of low-grade lumbar spondylolisthesis.
The contribution of segmental lordosis to the curvature of the lumbar spine is not evenly distributed from L1 to S1. Previous studies have shown that L4-L5 and L5-S1 contribute to approximately two thirds of the LL. 16, [19] [20] [21] Aging has a significant impact on the contribution of each lumbar segment to the LL. Gelb et al 16 studied 100 asymptomatic, middle-aged and elderly patients (mean age 57 ± 11 y). Analysis of the sagittal spinal alignment showed a tendency for the sagittal vertical axis in older patients to be positioned more ventrally compared with young patients. Their findings showed a strong correlation between the loss of LL and increasing age, and they suggested that the loss of LL in the most distal portion of the spine may be the most important factor in maintaining a negative sagittal balance. The mean age of the patients in our study was similar to that of patients in the study by Gelb and colleagues. Therefore, we applied the contributions of segmental lordosis to the lumbar curvature that Gelb and colleagues had previously defined in order to calculate the predicted LL in our patients. Several researchers have investigated the relationship between PI and LL. Schwab et al 15 examined 75 asymptomatic patients with a mean age of 48 ± 18 years. Using multilinear regression analysis, the formula LL = PI+9 degrees for the prediction of LL was constructed. A logical extension of this approach is to assess the mean LL on the basis of the mean PI. A patient, who lost LL but has a measurable PI, can be assumed to have acquired a certain amount of lordosis. Hence, we used the formula to predict the required postoperative LL for patients receiving surgical treatment for low-grade spondylolisthesis.
Contrary to the assumption of Lee et al 8 that the loss of LL is related to an increased incidence of low back pain after spinal fusion for low-grade spondylolisthesis, our current data show that the surgical outcome was not correlated to the LL RR on the basis of the calculation of the actual LL divided by the predicted LL. Mac-Thiong et al 22 observed that the sacro-pelvis plays an important role in achieving an adequate and relatively constant global sagittal spino-pelvic alignment and that, despite the alteration in spinal alignment produced by the lumbosacral deformities in spondylolisthesis, sagittal balance is usually maintained in patients with low-grade spondylolisthesis and in patients with high-grade spondylolisthesis with a balanced sacro-pelvis. These observations may explain why the restoration of LL has an insignificant impact on sagittal balance in low-grade spondylolisthesis. Another important factor was that the sagittal balance of our studied patients was normal with regard to the C7 plumb line within 6 cm from the posterior-superior corner of the S1 vertebrae. Such normal sagittal balance played a crucial role in avoiding junctional kyphosis in patients undergoing lumbar fusion and fixation 23 and might be the main reason that the surgical outcomes had little connection to the restoration of the LL.
One limitation of our study was the relatively high rate of loss to follow-up, an inherent shortcoming of retrospective cohort studies. Therefore, we do not know the immediate postoperative results or complications that might be caused by positive sagittal balance leading to junctional kyphosis for those 10 patients. In conclusion, for patients with normal sagittal balance, the surgical outcomes in the treatment of low-grade lumbar degenerative spondylolisthesis with spinal fusion are not correlated with the restoration of the LL. 
